A Kinetic Analysis of Rabbit Muscle Byruvate Kinase in the Reverse Direction
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For a complete kinetic analysis of an enzyme the reaction should be studied in both directions as only in this way can sufficient information about the enzyme complexes formed be obtained. In recent years several kinetic studies of the forward reaction of rabbit muscle pyruvate kinase have been made (Reynard et al., 1961; Ainsworth & MacFarlane, 1973) but no systematic studies of the reverse reaction have been reported. As a result of the unfavourable equilibrium constant of this reaction (McQuate & Utter, 1959; Krimskey, 1959) only a very small proportion of the substrates are converted into products at equilibrium. Kinetic studies of the reverse reaction have therefore been limited to conditions of high concentrations of both substrates (McQuate &Utter, 1959; Krimskey, 1959) such that sufficient products were formed to allow estimation by usual enzymic means. Consequently, an assay more sensitive than those already available was required to measure the reverse reaction of this enzyme and permit a full kinetic analysis.
An assay suitable for such studies has been developed and is based on the transfer of label from 32P-labelled ATP into phosphoenolpyruvate. The assay was carried out at 25°C in 1 ml of an incubation mixture containing 25m~-Tris-HCI (pH7.4) and 1 m~-EGTA [ethanedioxybis(ethylamine)tetra-acetate]. The substrates and products were added as their potassium salts and by adding KCl the final K+ concentration was maintained at loom. Sufficient MgClz was added to give a free MgZ+ concentration of 0 . 5 m~; the amount required was calculated by using the dissociation constants given by MacFarlane & Ainsworth (1972) . A known amount of previously purified labelled ATP was added such that the specific radioactivity of the ATP was 1-5pCi/pmol. After thermal equilibration the reaction was initiated by addition of a small volume of enzyme (generally 1OpI). After incubation, usually Smin, thereaction was terminated by theaddition of 50pmol of trichloroacetic acid and the mixture kept in ice for Smin. The solution was neutralized with 5Opmol of Tris base, and 0.5pmol of phosphoenolpyruvate was added as carrier. A second incubation, after the addition of 100pmol of glucose and 4 units of hexokinase, was continued for 20min. The glucose 6-phosphate was readily separated from phosphoenol-pyruvate by chromatography on Dowex 1 (Cl-form). After neutralization with Tris base the phosphoenolpyruvate was hydrolysed by the addition of 1 pmol of mercuric acetate. The phosphate released was extracted into 2-methylpropan-1-01 as its phosphomolybdate complex. Samples of this extract were counted for radioactivity in a liquid-scintillation counter after being mixed with a suitable scintillant.
Under these conditions the overall recovery of phosphoenolpyruvate was greater than 97%, and the formation of phosphoenolpyruvate was linear with respect to time for 8 min with the lowest substrate concentrations used.
In order to normalize the rates measured in various experiments the rate in the reverse direction ( v -~) was expressed as a ratio of the activity of that found in the forward direction (v+,) when assayed under standard conditions.
Initial-rate studies with ATP as the variable substrate ( Fig. 1) shows substrate inhibition. A similar result was found in the forward direction with ADP (Jonson & Cleland, 1974) . No such inhibition was seen with pyruvate as the variable substrate up to a concentration of W m , but a secondary plot of the intercepts as a function of the reciprocal of the ATPconcentration is linear, suggesting that the inhibition is competitive with respect to pyruvate.
The experimental data were fitted to the rate equation for competitive substrate inhibition in a sequential mechanism, derived by assuming that the binding constant of the inhibitor for the enzyme is the same as that for the enzymesubstrate complex, by using the hyperbolic least-squares regression method of Cleland (1967) to give the values of the kinetic constants.
One significant feature of these results was the finding that the ratio of the maximal VOl. 3 velocities in the forward and reverse directions was 54.5: 1, somewhat lower than that previously reported (McQuate & Utter, 1959) . Product-inhibition experiments with a non-saturating concentration of the constant substrate showed that in every case competitive inhibition occurs. This is consistent with a rapidequilibrium random Bi Bi mechanism for the reverse reaction, a similar mechanism to that proposed for the forward reaction (Reynard et al., 1961 ; Ainsworth & MacFarlane, 1973) . Analysis of the slope replots showed that there was linear competitive inhibition between ATP and both products. When pyruvate is the variable substrate, however, parabolic competitive inhibition occurred with both products. The experimental data for each of these plots were fitted to the relevant rate equation by the leastsquares method of Cleland (1967) and apparent constants were obtained. Fig. 2 shows the experimental data with pyruvate as the variable substrate and phosphoenolpyruvate as the product inhibitor.
Parabolic slope effects are normally the result of multiple combinations of 'the inhibitor with the enzyme. It is curious that the parabolic effects were only seen with one substrate and not both, as would be the case if complexes of the form enzyme-productproduct occurred in a rapid equilibrium mechanism. One explanation is that the binding of pyruvate is not at complete thermodynamic equilibrium, and that the reaction possesses some non-rapid-equilibrium random Bi Bi character. Isotopicexchange experiments at equilibrium should confirm whether or not the enzyme really does catalyse a rapid equilibrium mechanism.
